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Ignition Characteristics of the Nickel" Based Alloy 
UNS N07718 In Pressurized Oxygen 

James W. Bransford, Phillip A. Billiard, 

James A. Hurley, Kathleen M. McDermott, 
and Isaura Vazquez 

The development of ignition and combustion in pressurized oxygen 
atmospheres was studied for the nickel-based alloy UNS N07718. Ignition of 
the alloy was achieved by heating the top surface of a cylindrical specimen 
with a continuous -wave CO 2 laser. Two heating procedures were used. In the 
first, laser power was adjusted to maintain an approximately linear increase 
in surface temperature. In the second, laser power was periodically 
increased until autoheating (self -heating) was established. It was found 
that the alloy would autoheat to destruction from temperatures below the 
solidus temperature. In addition, endothermic events occurred as the alloy 
was heated, many at reproducible temperatures. Many endothermic events 
occurred prior to abrupt increases in surface temperature and appeared to 
accelerate the rate of increase in specimen temperature. It appeared that 
the source of some endotherms may increase the oxidation rate of the alloy. 
Ignition parameters are defined and the temperatures at which these 
parameters occur are given for the oxygen pressure range of 1.72 to 13.8 MPa 
(250 to 2000 psia) . 

Key words: alloys; combustion; ignition; ignition temperature; metals; 

nickel alloys. 
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Introduction 


A number of serious accidents and catastrophic fires have occurred that 
involved the ignition and subsequent combustion of metals in oxygen systems. 

As the pressure in oxygen systems has increased, the potential for disastrous 
ignition and combustion has also increased. In order to reduce the potential 
for ignition and combustion failure in oxygen systems, a knowledge of the 
ignition and combustion characteristics of metals is needed. In recognizing 
this need, the George C. Marshall Space Flight Center (MSFG) initiated a 
program at the National Institute of Standards and Technology (NIST) to study 
the ignition and combustion characteristics of selected alloys in pressurized 
oxygen. A list of alloys that have been studied is given in table 1. 

This report, the second in a series, gives the results for the nickel- 
based alloy UNS N07718. The studies involved heating the top surface of 
specimens of the material by a continuous -wave (cw) C0 2 laser in pressurized 
oxygen. The surface and interior temperatures were recorded as the specimens 
were heated. High-speed cinematography of the ignition and combustion events 
was also obtained. From this information the spontaneous ignition (critical) 
temperature, enhanced oxidation temperature (our terminology), ignition 
temperature, combustion temperature, ignition and combustion morphology, and 
other information were obtained for the oxygen pressure range of 1.72 to 
13.80 MPa (250 to 2000 psia) . 

Experimental Procedure 

Cylindrical test specimens, figure 1, were machined from commercially 
available UNS .107718 alloy rod that had a hardness of Rockwell C 24-27. The 
rod had a chemical composition of 0.50% Al . 0.003% B, 0.036% C, 0.34% Co, 
17.62% Cr, 0.09% Cu, 20.03% Fe, 0.14% Mn, 2.90% Mo, 51.52% Ni, 0.007% P, 
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Composition, in percent, of materials selected for the determination 








— Round edges 



1 . Apex to top surface center. 

2. Surface finish as specified 

3. 6.35 mm or 8.00 mm dia. 
as required. 


Figure 1. Test specimen configuration. 


0.001% S, 0.06% Si, 0.92% Ti , 5.11% Cb + Ta. Specimen dimensions were 6.3 mm 
(0.25 in) in diameter by 6.3 mm (0.25 in) in height for the linear 
temperature increase tests and 8.0 mm (0.31 in) in diameter by 6.3 mm (0.25 
in) in height for the incremental temperature increase test*. A thermocouple 
hole was drilled axially to within 0.25 mm (0.010 in) ± 0.05 mm (0.002 in) of 
the top surface. The top surfaces of the specimen were maintained in the as 
machined finish to improve the absorptivity of the surface to the laser beam 
at the beginning of an experiment and to give a diffuse laser beam reflection 
which would minimize potential heat damage to the chamber liner. 

The experiments were carried out in commercially pure oxygen. Chamber 
pressure was varied from 1.72 to 13.8 MPa (250 to 2000 psia) in 1.72 MPa (250 
psia) steps. Oxygen pressures lower than 1.72 MPa could not be used because 
gaseous oxides, produced during the high temperature combustion phase of the 
experiments, created splatter which destroyed the laser beam window after 
several experiments. The chamber pressure was allowed to increase, due to 
hinting of the oxygen, during the experiments and was recorded at the 
beginning of specimen combustion. This pressure increase rarely exceeded the 

initial chamber pressure by 10 percent. 

To assemble an experiment, a specimen was mounted in a machined graphite 
block and was insulated from the block by packed aluminum oxide powder. This 
assembly was placed upon a ceramic foam pad which was then placed on a 
pedestal as shown in figure 2. 

The top surface of the specimen was heated by a cw CO 2 laser beam. The 
laser hal been detuned from the pure TEM 00 mode so as to contain higher ordei 
modes. This procedure distributes the laser power more uniformly across the 
laser beam and heats the specimen more uniformly. The laser beam was focused 
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Specimen 





to cover approximately 80 percent of the top surface of the specimen. This 
allowed the beam to remain predominantly on the specimen surface despite 
random refraction of the beam by gas convection currents rising from the 
heated surface. 

Two heating procedures were used in this study. The first procedure 
established and maintained an approximately linear increase in specimen 
surface temperature and was called the Linear Temperature Scan (LTS) heating 
procedure. Surface heating rates of 100 K/min were most often used; however, 
rates of up to 250 K/min were used occasionally. The LTS heating procedure 
was used primarily to determine whether rapidly developing exothermic events, 
including ignition, were present, but the tendency of a material to autoheat 
(self-heat), which is usually a much slower exothermic process, was also 
detectable . 

The second heating procedure incrementally increased the laser beam 
power. The surface was allowed to reach a short-term equilibrium before 
another power increment was applied. At some power level during the 
procedure, the surface temperature would not reach equilibrium and the 
material would autoheat to destruction. This procedure was called the 
Incremental Temperature Scan (ITS) heating procedure. 

The principal parameters in this study were the surface temperature and 
interior temperature of the specimen. The surface temperature was measured 
using two-color ratio pyrometry. Two pyrometers were ultimately used. One. 
pyrometer covered the temperature range of 973 to 1773 K (1292 to 2732°F) and 
had an output range which gave a temperature sensitivity of 8 K/mV (14 
0 F/mV) . The second pyrometer covered the temperature range of 1173 to 2673 K 
(1652 to 4352°F) and had an output range which gave a temperature sensitivity 
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of 15 K/mV (27°F/mV) . These signals were recorded by a digital oscilloscope 
which used 15 bit analog to digital (A/D) converters. These converters have 
a maximum signal voltage resolution of 6.25 M V. Thus, maximum temperature 
resolution was 0.05 K (0.09‘F) for the 973 to 1773 K range pyrometer and 
0.09 K (0. 16°F) for the 1173 to 2673 K range pyrometer. 

The pyrometers viewed the specimen through the pressure chamber windows, 
figure 3. at 45° from the vertical. The specimen surface observed within the 
pyrometers' circular measurement field of view was elliptical and covered top 
surface dimensions that varied from approximately 5 to 7 mm (0 . 2 to 0 . 3 in) . 
The pyrometers did not measure the maximum surface temperature but responded 
to the overall temperature of the viewed area. The temperature was not an 
average but was biased toward the highest temperature within the measurement 
area due to the non-linear dependence of radiated power on temperature. 

The interior temperature was measured using a platinum versus platinum- 
10% rhodium (Type S) thermocouple. The thermocouple was insulated except for 
the bead, which was in contact with the specimen at tae top of the 
thermocouple well. The output of the thermocouple was referenced to a 273 K 
coid junction and then digitized directly at the maximum sensitivity of the 
digitizers, 6.25 mV. This gave a temperature sensitivity of approximately 
0.6 K (1°F) over the temperature range of interest, 973 to 1773 K. 

Special tests in which the thermocouple was spot-welded to the top 
surface were also run. These tests were used to obtain estimates of the 
temperatures of the alloy/oxide interface. 

The Metal Ignition Process 

A detailed description of the ignition process of metals requires a 
significant number of parameters; however, a general understanding of the 
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process can be obtained by considering a generalized heat balance for an 
oxidizing surface, figure 4. The parameters that need to be incorporated 
are : 


1. Q(loss) - the rate at which the oxidizing surface loses heat by 

conduction, convection and radiation; 

2. Q(ext) - the rate at which external sources transfer heat to the 

oxidizing surface by conduction, convection and 
radiation; 

3. Q(chem) - the rate at which oxidation of the alloy generates 

heat; 

4. Q( in) - the sum of Q(ext) and Q(chem) . 

To further simplify the process, Q(ext) will be assumed a constant, but 
different value, for each of the illustrations in figure 4. Both Q(loss) and 
Q(chem) are functions of the surface temperature and other parameters which 
are constant for this discussion. 

An initial application of Q(ext) , which is less than that required to 


initiate ignition, will increase the magnitude of Q(in) to some value greater 
than Q(loss). The surface temperature, T s , will then increase to some 
equilibrium value T eq , as shown in figure 4a. Since the slope of the Q(in) 
curve is less than the slope of the Q(loss) curve at T eq , the oxidizing 
surface temperature cannot increase beyond T eq because the increase in 
heating rate will be less than the increase in cooling rate at temperatures 
greater than T eq . Ihus , a stable surface temperature is reached. However, 
the stability over time will depend upon whether the surface is undergoing 

time dependent or time independent oxidation. If time dependent oxidation is 

* 

occurring, Q(chem) will decrease with time and the oxidizing surface 
temperature will also decrease with time. If time independent oxidation is 
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a f-Vio nvidizine surface temperature 
occurring, Q(chem) will remain constant and the oxi 

ulU remain constant If all other parameters remain constant. 

as Q(ext) is systematically Increased, an equilibrium surface 

temperature mill ultimately be reached at which the slop, of the QUO curve 

equals the slope of the Q(loss) curve, figure 4b. This equilibrium 

temperature is defined as the spontaneous ignition (or critical, temperature, 

T [1). Since Q(chem) and Q(loss) both Increase with increasing 

temperature , the slopes of the Q(in> and Q(loss) curves may he approximately 

equal over a fairly wide temperature range. We have previously described 

this range as a quasi-stable temperature region ,2,. The behavior of an 

alloy within this region is of considerable interest. Small shifts rn other 

parameters which change any of the heat gain or heat loss parameters, can 

either cause the oxidising surface to cool or to autoheat. Several 

parameters may be defined for the case when Q(in> is sufficiently large for 

spontaneous ignition to occur. 

1. Spontaneous ignition temperature, T sp - the temperature at 

which dQ(in)/dT s - dQ(loss)/dT s ; 

2. Ignition temperature, T ign --the temperature at which 

[Q(in) -Q(los s ) ] is maximum; 

3. Flame temperature, T f -th. maximum temperature that can be reached 
by the oxidizing surface. 

These parameters are shown in figure 4b. 

An equilibrium surface temperature greater than T sp may be established 

by decreasing Q(ext> once the surface temperature has exceeded T sp . However, 
such an equilibrium surface temperature must be considered unstable because 
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the tendency 1. for the elloy to autoheat since the slope of the Q(ln, curve 

is greater than the slope of the Q(loss) curve. 

It is useful to consider the effect of physical state on the parameters 

that have been Introduced. In general, the oxidation rate of the solid alloy 
is less than that of the liquid alloy. Therefore, if T sp occurs while the 
alloy is solid, a phase -dependent ignition temperature may be definable. 
However , defining an ignition temperature for the liquid phase in our 
experiments was difficult hecause of the effects of fluid flow. »hen an 
oxidizing fluid flows, the rate of oxygen transport to unoxidized material 
may be significantly increased for a short time Interval. This In turn 
increases the rate at which material is consumed and significantly increases 
the surface temperature for the flow interval. The net result of 
movement is to disrupt the smoothness of the Q(chem) curve, which makes It 
difficult to separate movement enhanced oxidation effects from quiescent 
oxidation effects. For this reason, liquid phase ignition temperatures were 
not determined for the ITS heating procedure (with the exception of the 
temperature at the beginning of combustion, T cmb ) ; only solid phase ignition 

parameters were determined. 

If Q(ext) Is sufficiently large, the Q(in) curve will not intersect the 
4(lo.a) curve until T f Is reached, figure 4c. In this case T sp is not 
obtainable from the experiment; however, T ign and Tf are. T lg „ does not 
differ in this case from the case shown in figure 4b. This is 
definition of T lg „ as being the temperature at the maximum deviation between 
the Q(in) curve and the Q(loss) curve. This means that our experiments, 
which use the ITS heating procedure, can be thermally overoriven without 
seriously affecting the value of Ti gn . This statement assumes that the 
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excess external heat input is slightly more than the minimum required to 
achieve ignition and not orders of magnitude more. 

Since the exact shape and magnituue of the Q(in) and Q(loss) curves are 
not known, the determination of the ignition parameters must be based upon 
other measurable parameters. In our case the surface and interior 
temperatures were used. 

As the surface temperature increases, the developing oxide layer 
emissivity changes, usually increases. In our tests in which a laser was 
used as the external heat source, this changing emissivity may result in 
increased heating at a constant laser power input without a corresponding 
increase in radiative cooling. 

To determine the spontaneous ignition temperature, an apparent changing 
emissivity effect to specimen heating had to be separated from the oxidation 
contribution. Thic was accomplished by running a number of tests using 
preoxidized specimens. These tests, when compared to the standard test, 
showed that the contribution from the apparent changing emissivity to the 
specimen heating rate, under constant laser power, was linear or nearly 
linear [3]. Since the oxidation rate of metals and alloys is nonlinear with 
temperature, spontaneous ignition was assumed to have occurred when the 
temperature -time waveform became nonlinear under constant laser power input, 
figure 5. The temperature at the beginning of the nonlinear waveform segment 

was taken as the spontaneous ignition temperature. 

We have defined an additional ignition parameter that is specific to our 
data. This parameter defines the beginning of a region on the ITS 
temperature- time waveform where an abrupt change in curvature occurs prior 
to ignition, figure 5. The region generally contains a number of abrupt 
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changes in temperature which appear in conjunction vith endothermic features. 
Since many endothermic events are associated with the abrupt temperature 
changes, we postulated that the source of these events increased or enhanced 
the oxidation rate of the alloy. Thus, the temperature at the beginning of • 
this region has been called the enhanced oxidation temperature, T eo , and 
appears to be associated with the beginning of the rapid buildup of the oxide 

layer. 

The ignition temperature was the most straightforward parameter to 
determine since the definition of this parameter implies the existence of a 
maximum heating rate of the specimen. This was assumed to have occurred when 
the maximum rate of change in surface temperature occurred, i.e., IQUn) • 
Q(loss) ] is maximum when dT s /dt is maximum. T lgn was the beginning of the 
region of maximum rate of change in surface temperature, figure 5. 

A number of factors can influence the shape and magnitude of the Q<in> 
and Q(loss) curves. The Q(loss) curve alone can be easily modified by 
improving or impeding heat transfer from the oxidizing Interface. The Q(in) 
curve may be modified by the existence of fluid oxide phases (which may exist 
above certain temperatures) at the oxidizing Interface. These phases may 
increase the oxidation rate of many alloys 14.51. The Q(chem) component of 
the Q(in) curve is also modified when the oxidation rate changes from 
protective (time dependent) to nonprotective (time independent). Uben either 
Q(in) or Q(loss) curve is changed, the values of the ignition parameters will 
also change. In general, the lower the heat transfer rate fro. the oxidizing 
surface, the lower the temperatures at which T sp , T e0 , and Ti gn will occur, 
conversely, the greater the heat transfer rate, the higher the temperature at 

which T sp , T e0 - and T ign wiU occur - 
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Under certain experimental conditions and/or at elevated oxygen 
pressures, combustion may develop abruptly before the above-defined Ti gn 
occurs, as shown in figure 6. These abrupt combustions may be due to 
cracking or spalling of the surface oxides which expose unoxidized or 
partially oxidized material. If the surface oxides are impeding the transfer 
of oxygen to the oxidizing surface the resulting rapid increase in oxidation 
rate may produce sufficient heat, in a region of restricted heat loss, to 
melt a small volume of the alloy. This may result in immediate combustion or 
in a small combustion region which rapidly expands. This type of event has 
also been called ignition, thus creating an unavoidable dual definition for 

T ign- 

The terms "combustion" or "combustion region" are used throughout this 
report. This terminology usually implies evaporation and vapor phase 
oxidation of the fuel material. For the N07718 alloy, vapor phase combustion 
does not occur. For this alloy, and most others listed in table 1, 
combustion is the fluid- flow-enhanced oxidation of the liquid alloy. This 
type of fluid oxidation generates very high temperatures, 2500 K and higher, 
and develops in milliseconds as the specimen collapse. The beginning of the 
development of these high temperatures is called the combustion temperature, 
T cm b > a nd is shown in figure 6. 

Results 

1. Id near Temperature Scan Tests : The initial experime-ts in the 

evaluation of the ignition characteristics of the N07718 alloy were carried 
out using the LTS heating procedure. Heating rates of approximately 100 to 
200 K/min were used in order to determine whether the alloy had any tendency 
to develop abrupt solid phase combustion events similar to the liquid phase 
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Figure 6. Abrupt ignition end combustion event during an LTS test 




combustion event shown in figure 6. Experimental data were obtai.it i for the 
oxygen pressure range of 0.7 to 13.3 MPa (100 to 2000 psia) . The results for 
a typical experiment are shown in figure 7. The waveform shows two major 
features. The first is the rapid increase in the rate of cnange in 
temperature at approximately -52 s and the second is the abrupt ignition with 
immediate combustion above the liquidus temperature. Negative time in our 
data indicates time prior to the start of combustion or an arbitrary time 
afterward. Not as obvious, due to the compression of the data, are 
endothermic (constant temperature) features in tne waveform, examples of 
which are shown in figure 8. These features generally had a short duration 
due to the temperature scan rate used in the experiments. 

The rapid increase in the rate of change in temperature in figure 7, 
starting at approximately -52 s, appeared to be due to an increasingly rapid 
rate of oxidation of the alloy which caused the specimen to autoheat faster 
than control of the heating ramp could offset. However, as laser power was 
continuously reduced and the oxide layer thickness increased (which reduces 
heat transfer to the oxidation zone from the laser) , the heating ramp was 
eventually reestablished (although at a different rate). In many tests, the 
autoheating appeared to develop in conjunction with endothermic features in 
the waveform. Endothermic events also appeared at other temperatures and 
often appeared to increase the rate of change in specimen temperature. Also, 
the endothermic features were often associated with the development of 
temperature spikes, exothermic events, ignition, and the beginning of 
combustion. 

The oxides produced during oxidation wsre significantly less dense than 
the alloy. The density difference created considerable mechanical stress 
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Figure 7. Typical surface and interior temperature waveforms for an l.TS test 




which was released by cracking and spalling of the oxide surface. This 
cracking and spalling produced snail particles and/or structures that could 
be heated to very high temperatures before they would vaporize or melt, 
adhere to the substrate oxide layer and cool to the baseline temperature. 

The net effect of the particle and/or structure heating and cooling was to 
produce a rapid increase, then decrease, in apparent surface temperature, 
which we have called a temperature spike, as shown in figure 8. These spikes 
did not appear to have any permanent effect upon the baseline temperature or 
the rate of change in the baseline temperature. Therefore, the spikes are 
not considered to have had an effect upon the oxidation rate of the alloy. 

The series of spikes noted in figure 8 (others are also present) were 
probably produced by the breakup of a fairly large piece of oxide. 

Another surface temperature waveform feature had the appearance of a 
fast exothermic event with limited energy as shown in figure 8. (In this 
report we differentiate between exothermic features (events), which occur in 
milliseconds ^ several seconds and have an apparently small energy release, 
and the much slower exothermic oxidation process or the exothermic combustion 
process, which has a massive energy content.) These events appeared to 
initiate permanent changes in the baseline temperature or increases in the 
rate of change in surface temperature. These events were usually abrupt, 
occurring within milliseconds to several hundred milliseconds and were often 
preceded by an endothermic feature. Exothermic events are considered to be 
caused by small rapid changes in oxidation rate of the alloy. 

At an oxygen pressure of 0.7 MPa (100 psia) , the development of 
combustion from ignition occurred only after significant melting of the 
specimen. However, at an oxygen pressure of 1.7 MPa (250 psia) or greater, 
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Figure 8. Surface temperature waveform features from an LTS test 



‘°" bUSCl0n d ' VelOPed aft « *«"*“•« within milliseconds to several seconds 
and vith minimal melting of the specimen, the second major feature of 
figure 7. 

The ignition data for the LTS test are listed in table 2 and plotted i, 
figure 9. Figure 10 shows the combustion temperatures, that is, the 
temperatures at which the specimen began to rapidly melt and fluid flow 
enhanced oxidation began; these data are also listed in table 2 . As seen in 
figure 9, the surface temperatures at ignition lie above the li„uidus 
temperature of the alloy for oxygen pressures up to 6.9 „P a H „ 00 p S ia, . Ae 

yg n pressures greater than 6.9 MPa the ignition temperatures began to fal 
into the melting range, and at oxygen pressures greater than 9.3 MPa (1350 
psia) they fall predominantly below the solidus temperature. 

It was clear that exothermic events occurred while the alloy was in the 
solid state and ignition began to develop from these events at oxygen 
pressures greater than 9.3 HP, (1350 psia,. These events released sufficient 
increase the baseline temperature or the rate of change in baseline 
temperature following their occurrence. We concluded that. the exotherms were 
«ue to a rapid change in oxidation rate of the alloy. Since endotherms, 
probably melting transitions, are often involved, we assumed that the 
oxidation rate of the alloy was affected by the source of these events. 

the source has not yet been established. As the alloy specimen 
began to melt, abrupt ignition to combustion transitions occurred. The 
transitions were thought to occur as the upper surface crashed or ruptured 

dUe 60 eXPanSi ° n ° f th * ^ also appeared that the rate 

Of oxidation of the alloy increased significantly as the surface temperature 

entered the 1300-1450 K temperature range. The rat, of the temperature 
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increase in this range suggested that the alloy could autoheat to 
destruction. Because of this tendency, a series of experiments were run to 
investigate this phenomenon. Also, standard differential thermal analysis 
(DTA) studies were made on oxidizing samples of the alloy. 

2 - Different ial Thermal Analysis Studies - 

The appearance of features in the temperature -time waveform from the LTE 
tests, interpreted as endothermic and exothermic events, led to efforts to 
verify this interpretation. The approach was to utilize standard 
Differential Thermal Analysis (DTA) techniques and equipment and search for 
endothermic and exothermic events. Testing was carried out in flowing oxygen 
or helium at atmospheric pressure using 15-50 mg specimens heated to 
temperatures greater than the lower melting range of the alloy. 

The tests in helium provided a baseline for comparison to the oxidation, 
tests. These tests produced featureless thermographs except for the melting 
transition. However, the tests in oxygen demonstrated that the oxides 
produced during heating exhibited considerable thermal activity, as shown in 
figure 11. This figure is a composite of two runs. It is occasionally 
necessary to combine several runs to obtain an overall view of the events 
which occur over an extended temperature range. Endothermic and exothermic 
transitions were present, but the temperatures of the individual transitions 
could not be firmly established because of their number and weakness. The 
weakness of the transitions was due to the small mass of responding 
material- -a thin layer on the surface of a 15 to 50 mg disk of alloy. 

The presence of liquid and probably gaseous oxides was evident from the 
discoloration, and eventual destruction, of the aluminum oxide sample 
holders. Several investigators have postulated or observed the presence of 
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Figure 11. DTA thermograph of N07718 alloy heated in oxygen. 



liquid oxides during the high- temperature oxidation of alloys [4,5]. These 
investigators have also observed increased oxidation rates when liquid oxides 
were present. This tended to corroborate our observations of apparently 

increased oxidation rates at temperatures where many endothermic transitions 
occurred. 

These studies also corroborate the existence of low-energy exotherms and 
the existence of at least one high-energy exothermic event as shown in figure 
11. These studies also provided an independent verification that the alloy 
does autoheat at temperatures below the solidus temperature of the alloy. 

3- Incremental Temperature Scan Tests - 

The experiments to investigate the tendency of the alloy to autoheat to 
destruction were performed using the ITS heating procedure. This procedure 
applied a constant laser power to the specimen which was increased at 
intervals, after surface temperature equilibrium was established, until the 
specimen began to autoheat. The external heating rate was then held constant 
until autoheating ceased or combustion occurred. Figure 12 shows the surface 
and interior temperature -time waveforms for a typical experiment. These 
waveforms show more clearly the endothermic and exothermic features that were 
observed in the waveforms from the LTS experiments. Only a few features are 
noted. The endothermic and exothermic features and their effects on the 
baseline temperature and rate of change in the baseline temperature are more 
clearly shown in figures 13 and 14; only the more prominent features are 
noted. These figures are expansions of waveform sections, chosen for their 
clarity, from several experiments. The converging slopes of the surface and 
interior temperature waveforms of these figures also show that the surface 
temperature measurement was adversely affected by the oxide surface, probably 
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Figure 12. Typical surface and interior temperature waveforms for an ITS test 
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Figure 13. Development of ignition in 5.488 MPa oxygen during an ITS test. 






Figure 14 . Development ol ignition in 14.410 MPa oxygen during an ITS test 



due to the surface emissivity. However, the error introduced was minimal at 
temperatures equal to or greater than T sp . Because the error was minimal 
(approximately 1 to 1.5 percent at T sp and less at higher temperatures) the 
surface temperature data for the ignition parameters was not adjusted. 

Figure 13 shows a rate of increase in temperature of approximately 0.5 
K/s (interior temperature waveform) after the last power increment. This 
initial autoheat ing was due primarily tc the increasing absorptivity of the 
surface to the laser radiation [3]. An oxidation component to the heating 
rate was also present but very small. However, as the specimen temperature 
increased the oxidation component to the heating rate steadily increased at a 
nonlinear rate. The oxidation component ultimately became the principal heat 
source driving the increase in specimen temperature at the spontaneous 
ignition temperature. The slight curvature in the interior temperature- time 
waveform between -100 s and T sp was thought to be due to the increasing 
oxidation rate component to the heating rate. T sp was chosen as the 
beginning of the interior temperature -time waveform section where it appeared 
clear that oxidation heat input to the system was the dominant heat source in 
increasing the specimen temperature. This was the beginning of the clearly 
nonlinear section of the interior temperature- time waveform. 

Figure 14 shows the effect of increased oxygen pressure on the rate of 
increase in temperature. As can be seen the rate of temperature increase 
prior to T sp was approximately the same as in the much lower oxygen piessure 
experiment shown in figure 13. This was additional evidence that the heating 
rate at temperatures below T sp was due primarily to increasing absorptivity 
<f the developing oxide layer to the laser radiation. Also, the rate of 
increase in temperature after T lgn was significantly greater than the values 
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shown in figures 12 and 13. This figure also shows that combustion may begin 
wnile the alloy is in the solid state, or at least develop faster than the 
data acquisition rate of 0.1 second per data point used ir. this experiment. 

After spontaneous ignition was achieved, the rate of change in specimen 
temperature began to slowly increase. This increase was usually followed by 
several exothermic features (step increases in the baseline temperature) 
which were associated with endothermic features or features which may be weak 
endotherms. The result of these apparent exothermic events was an abrupt 
change in curvature of the temperature -time waveform. An attempt was made to 
quantify the onset of this abrupt change in curvature by relating it to the 
temperature of features in the temperature -time waveform. Since it is our 
premise that the exothermic features are associated with rapid changes in the 
oxidation rate of the alloy, this temperature was called the enhanced 
oxidation temperature, T eo . After T eo occurred the rate of change in 
temperature continued to increase until a maximum rate of change was reached. 
The temperature at which this occurred was considered to be the temperature 
at which the maximum deviation between the Q(in) and Q(loss) curves occurred 
for the solid phase oxidation. Thus, this temperature was taken as T ign . 

The values of the ignition parameters-T S p, T e0 and T^g n - are listed in table 
3 and plotted as a function of oxygen pressure in figures 15, 16, and 17. 

The data were fitted to linear least-squares curves so that trends in the 
data, with respect to oxygen pressure, could be established. The slopes of 
the trends are noted on the plots and the linear fit parameters are given in 
table 4. 

The values of the ignition parameters decreased with increasing oxygen 
pressure in a linear trend over the oxygen pressure range of the data. 









































Figure 15. Spontaneous ignition termperatures vs. oxygen pressure from the ITS tests 





Enhanced oxidation temperatures vs. oxygen pressure from the ITS tests 











Ignition temperatures vs. oxygen pressure 




However , this decrease .as not large. Also, the surface temperature diverged 
from the interior temperature for each ignition parameter. This wa 
aue to an increasingly thicker aside layer which developed as oxygen pressure 
increased and impeded heat transfer to the interior. 

4. nat-fl Accuracy : 

The surface temperature values of T sp , T eo , T ign. and T cmb contain 
this report were determined with a commercial two-color ratio py 
an inherent accuracy of 1 percent when measuring black or gray body 
temperatures. This was verified hy calibration using a HIST standard lamp. 

The assumption made in two-color ratio pyrometry is that the change in 
emissivity over the measurement wavelength band is negligibly small. 

However, oxidizing surfaces are notorious for the variation in the value of 
emissivity with wavelength. To determine whether or not a pyrometer 
measurement problem existed, the difference between the surface temperature 
and interior (thermocouple) temperature was calculated. If this difference 
was constant or changed negligibly, then the pyrometer measurement was taken 
to be within its error limit of 1 percent, for N07718 a clear surface 
temperature measurement error existed for the ITS data but not for the LTS 
data This error decreased as the surface temperature approached T sp and was 

minimal or disappeared at temperatures greater than T Bp . It was estimated 

-i p t uofP hieh with a maximum bias of 1 

that the surface temperature values of T sp were high wi 

co 1>5 percent. The values of T eo and T ign do not appear to contain any 
significant bias and are assumed accurate to within the 1 percent accuracy 

the instrument. 

An exact error value cannot be placed on each numeric value of the 
ignition parameters. However, we consider that the data presented accurately 


'+0 


represent the temperature of the central region of the specimen where the 
oxidation events occurred to within the limits discussed above. 

Conclusions 

The LTS data indicated that ignition could occur at temperatures below 
the solidus temperature for oxygen pressures greater than 11 MPa (1600 psia) . 
Combustion occurred predominantly within or above the melting rf .ige. 

However, several combustion events began at temperatures below the solidus 
temperature at oxygen pressures exceeding 12 MPa (1750 psia). Therefore, 
this alloy has a "sudden failure" characteristic under this test mode if the 
oxygen pressure is sufficiently high. 

The ITS data established that (under the appropriate experimental 
conditions) the oxidation rate of the alloy was sufficient for the alloy to 
autoheat to destruction, from temperatures below the solidus temperature. 

This was independently verified by the DTA data. These data also indicated 
that certain oxides produced during heating undergo phase changes, probably 
melting, at various temperatures. As some phase changes occur, apparent 
increases in oxidation rate of the alloy also occur. 

The time required for the development of combustion after ignition 
decreased as oxygen pressure increased. Some combustion events developed 
below the solidus temperature at oxygen pressures of 10.3 MPa (1500 psi) and 
greater. The transition times from ignition to combustion at 'ese pressures 
were so short that the alloy may be considered to have a "sudden failure" 
characteristic under this test mode. The temperatures at which the ignition 
parameters occurred decreased with increasing oxygen pressure in a linear 
manner. This indicates that these parameters are a function of the oxidation 
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rate of the alloy and that the oxidation rate increases more rapidly with 
increasing oxygen pressure than the cooling rate for the ITS test procedure. 

Future Effort 

The program, of which this study is a part, has recently been expanded 
to include the direct determination of oxidation rates of selected alloys. 

To achieve this, a thermogravimetric apparatus (TGA) , which will use a 
microgram balance housed in a pressure chamber to directly measure the 
oxidation rate, is being constructed. The system has been designed to 
operate to pressures of 34.5 MPa (5000 psia) and to temperatures greater than 
1700 K. This equipment will be used to generate oxidation rate data as a 
function of time, temperature, and oxygen pressure. From these data, the 
Q(chem) curve can be determined. Once the Q(chem) curve is known, computer 
modeling of system designs and potential abnormal operating conditions can be 
accomplished and the most appropriate materials chosen. 


The authors express their appreciation to John G. Austin, Jr., technical 
representative, George C. Marshall Space Flight Center, for his many valuable 
contributions to this study and the overall program and to the George C. 
Marshall Space Flight Center for funding. 
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